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A self-consistent thermodynamic model of curium is developed. In the framework of this model the tem-
perature dependencies of heat capacity, coefﬁcient of thermal expansion, bulk modulus and Debye tem-
perature of Cm are calculated. It is shown that the phonon anharmonicity of Cm is weaker than in the
case of Np and d-Pu, but stronger than in lanthanides.
 2013 Elsevier B.V. All rights reserved.1. Introduction
The investigations of thermal and elastic properties of curium
are quite scarce: the experimental data on the heat capacity is ab-
sent and the data on the density [1], coefﬁcient of thermal expan-
sion [1] and bulk modulus [2] are limited by the values near the
room temperature. In the paper [3], proceeding from the compar-
ison of the thermophysical and thermochemical properties of the
lanthanide and actinide series, it has been pointed to the possible
identity of the entropies and heat capacities of curium and gadolin-
ium. However, according to the results of ab initio calculations
[4,5] the electronic structures of these two metals are different
and thus the inﬂuence of the electronic subsystem on the heat
capacity of curium and gadolinium cannot be the same. Moreover,
one has to expect considerable difference in the values of lattice
anharmonicity parameters and of related thermal and elastic prop-
erties of these metals.
In the present study a simulation of temperature dependences
of the thermal and elastic properties of Cm is carried out in terms
of the self-consistent thermodynamic model [6–8], which along
with the lattice properties accounts for the effect of electronic
subsystem.
2. Model description
Following [6–8] we consider the connection of Debye tempera-
ture h with molar volume V and bulk modulus B in the form
h ¼ h
kB
6p2N2A
 1=3 ﬃﬃﬃ3
l
s
N1=2B1=2V1=6; ð1Þwhere h, NA are Plank and Avogadro constants, respectively; l is the
molar mass and N(r) is a function of the Poisson coefﬁcient r. We
deﬁne the thermodynamic potential (TDP) in the additive form
U =U0 +Uph, where U0 = U0(P) is the ‘‘constant’’ part of TDP, which
is temperature independent, but is a function of pressure; Uph =
Uph(h(P), T) is the molar lattice (phonon) part of TDP responsible
for the contribution of acoustic vibrations of a solid:
Uph ¼ 3R 38 hþ T/ðzÞ
 
; ð2Þ
where z = h/T is the inverse reduced temperature and /
(z) = ln(1  ez)  D(z)/3 (D(z) is the standard tabulated Debye func-
tion). From Eqs (1) and (2) it follows that the characteristic Debye
temperature enters the deﬁnition of the phonon part of TDP Uph =
Uph(h(P), T) and at the same time h is a function of temperature.
Since all the calculated thermal and elastic properties are deﬁned
from the phonon TDP Uph = Uph(h, T), the change of the simulated
values of Debye temperature leads the change of these properties.
The simulation of the properties, in turn, leads to renormalization
of the array of Debye temperature values. This allows to construct
an iterative procedure for the self-consistent calculations of tem-
perature dependencies of h, thermal and elastic properties and ac-
count for the effects of phonon anharmonicity.
The developed procedure has to be supplemented by self-con-
sistent accounting of the effect of electronic subsystem. This is
done by adding the corresponding expression for electronic contri-
bution to the lattice part of heat capacity. Thus for the contribu-
tions to heat capacity we have
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where CVR(z) is the standard Debye heat capacity, normalized to 3R,
g(l)(l) is the densities of states at the Fermi energy of the electrons
of the lth band and kB is Boltzmann constant.
Fig. 1. Temperature dependence of the molar heat capacity of curium; inset:
comparison of different contributions to the heat capacity of Cm.
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perature dependence of the Debye temperature, the phonon heat
capacity coincides with the Debye heat capacity CVR(z), i.e. with
the heat capacity calculated within harmonic approximation. In
our model we obtain an additional contribution to the heat capac-
ity associated with the phonon anharmonicity.
In our approach we also calculate the molar volume deﬁned by
the expression VðTÞ ¼ @U
@P
	 

T ¼ V0 
3Rhch
B
3
8þ DðzÞz
 
, where V0 is the
volume at T = 0 K and the second term is the lattice contribution.
The negative sign in this expression is due to the fact that the gen-
eralized Gruneisen parameter for the Debye temperature
ch ¼ Vh @h@V
	 

TP
is intrinsically negative, since the Debye temperature
is reduced with increase in volume (and temperature).
Then for the phonon part of volumetric thermal expansion coef-
ﬁcient (VCTE) we obtain the following formula
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And ﬁnally for the bulk modulus one can derive
BðTÞ ¼ V @
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The cf and cf parameters, appearing in the equations above, are
generalized Gruneisen parameters, which for a thermodynamic
quantity f = f(T, V) at constant temperature and pressure are de-
ﬁned as
cf ¼
V
f
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 
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; cf ¼
V2
f
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 !
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: ð6Þ
The starting (at T = 0 K) values of the Gruneisen parameters for
bulk modulus cB0, cB0 and for Poisson coefﬁcient cr, cr as well as
the Poisson coefﬁcient r itself represent the parameters of the
model.Fig. 2. Temperature dependence of the linear coefﬁcient of thermal expansion;
inset: temperature dependence of the mass density of Cm.3. The results and discussion
Evaluating the input parameters of our model for Cm as the ini-
tial data we use the data on the lattice heat capacity of gadolinium
(isostructural 4f analog of curium), which has been obtained in the
self-consistent thermodynamic model [8]. In addition, we account
for the available experimental data on the thermal expansion and
bulk modulus of Cm. The coefﬁcient of electronic heat capacity
c = 3.3 mJ/(mol K2) has been evaluated by taking the data [4] on
the electronic structure of Cm, according to which the total density
of states at the Fermi energy of Cm equals 1.4 1/(eV atom). It
should be noted that the electronic densities of states of Cm are
rather ﬂat near the Fermi energy [4], so the coefﬁcient of electronic
heat capacity of Cm can be assumed to be almost temperature-
independent up to the highest temperature considered in the pres-
ent study. Eventually, we have obtained the following values for
the thermodynamic parameters of Cm: cB0 = 0.12, cB0 ¼ 1:14,
r = 0.270, cr = 1.20, cr ¼ 1:03.
The results of calculations of the temperature dependence of
Cm molar heat capacity are presented in Fig. 1. It should be noted
that in the present study calculations were performed for the para-
magnetic phase of Cm, while the spin-ﬂuctuation anomalies of theheat capacity associated with the antiferromagnetic transition
(TN  52 K [9]) has not been considered. Since the experimental
data on the heat capacity of Cm is absent, the heat capacity of para-
magnetic phase of gadolinium [10] is shown in Fig. 1 for compari-
son. One can see that although the calculated total heat capacity of
Cm is similar to the experimental heat capacity of Gd, there are
certain differences between them. In the inset to Fig. 1 the ‘‘one-
electron’’ heat capacity of Cm is compared with the contribution
of phonon anharmonicity, which was obtained by subtracting the
phonon contribution at constant volume Cv from the phonon con-
tribution at constant pressure Cp; the latter was calculated with
self-consistently deﬁned Debye temperature. One can see that in
the entire temperature range the electronic subsystem has greater
effect on heat capacity of Cm as compared to phonon anharmonic-
ity. However, the low-temperature coefﬁcient of electronic heat
capacity of Cm is sufﬁciently smaller than in case of americium
[11], which precedes curium in the periodic table.
In Fig. 2 we present the results of our calculations of the linear
coefﬁcient of thermal expansion (LCTE) of Cm in comparison with
the experimental data [1], which are limited to a single value aver-
aged over the temperature range 90–300 K; therefore these data
are shown by horizontal lines in Fig. 2. Because the crystal struc-
ture of Cm is dhcp [1], LCTE of Cm is different for crystallographic
Fig. 3. Temperature dependence of the bulk modulus of curium; inset: the Debye
temperature of Cm.
Table 1
Phonon anharmonicity parameters for some representatives of actinide and lantha-
nide series.
Cm Np Gd Lu
r 0.270 0.330 0.260 0.219
C(T = 300 K) 0.71 2.70 0.44 0.83
aph(T = 300 K), 106 K1 9.34 20.50 5.0 7.46
C  aph(T = 300 K), 106 K1 6.63 55.35 2.20 6.19
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averaged over axes at averaged temperature 195 K (because our
calculations can be performed only for the averaged along the a
and c axes values). In the inset to Fig. 1 we show the results of cal-
culations of curium mass density in comparison with the experi-
mental data [1], which again are limited to values at T = 300 K for
two different samples.
Obtained in the present study temperature dependence of the
bulk modulus of Cm is presented in Fig. 3, while the inset to
Fig. 3 shows the calculated Debye temperature of Cm. One can
see that Debye temperature of Cm is essentially lower than Debye
temperature of Gd, which according to [8] is of about 170 K. The
bulk modulus of Cm rather weakly depends on temperature as
compared with e.g. Np [6] and d-Pu [7], which indicates that Cm
can be characterized by relatively weak phonon anharmonicity.
This fact is conﬁrmed by the calculated contribution of phonon
anharmonicity to the heat capacity of Cm and by the values of
Gruneisen parameter C ¼  @ ln h
@ lnV of Cm, which in the temperature
range up to 1300 K does not exceed C = 0.86 (while for Np even
at the room temperature C = 2.70).
In Table 1 we compare the parameters characterizing the de-
gree of phonon anharmonicity of curium (the present study), nep-
tunium [6], gadolinium and lutetium [8] – the latter two being
representatives of the lanthanide (4f metals) series. It follows from
Table 1 that phonon anharmonicity of Cm although being weaker
than of Np, manifests in Cm stronger than in Gd and is almostthe same as in Lu. Despite Lu has larger value of the Gruneisen
parameter C(T = 300 K) = 0.83 than C(T = 300 K) = 0.71 in the case
of Cm, at the same time Lu exhibits lower thermal expansion coef-
ﬁcient aph(T = 300 K) = 7.46  106 K1. Therefore the product
C  aph(T = 300 K), which is the generalized measure of phonon
anharmonicity [12], is larger in the case of Cm (and further more
in the case of Np).
Thus the thermodynamic model formulated in the present
study points to rather essential difference between the lattice
properties of Cm and lanthanide metals as well as other actinides.
Although the developed model is based upon some experimental
data on thermal and elastic properties of Cm, to verify these data
rather big amount of experimental investigations of Cm is yet to
be done, at least of such important properties as heat capacity,
thermal expansion coefﬁcient and bulk modulus.
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